Background Tubal ligation is a protective factor for ovarian cancer, but it is unknown whether this protection extends to all invasive histological subtypes or borderline tumors. We undertook an international collaborative study to examine the association between tubal ligation and ovarian cancer subtypes.
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Background Tubal ligation is a protective factor for ovarian cancer, but it is unknown whether this protection extends to all invasive histological subtypes or borderline tumors. We undertook an international collaborative study to examine the association between tubal ligation and ovarian cancer subtypes.
Methods
We pooled primary data from 13 population-based case-control studies, including 10 157 patients with ovarian cancer (7942 invasive; 2215 borderline) and 13 904 control women. Invasive cases were analysed by histological type, grade and stage, and borderline cases were analysed by histological type. Pooled odds ratios were estimated using conditional logistic regression to match on site, race/ethnicity and age categories, and to adjust for age, oral contraceptive use duration and number of full-term births.
Results
Tubal ligation was associated with significantly reduced risks of invasive serous (OR, 0.81; 95% CI, 0.74-0.89; P < 0.001), endometrioid (OR, 0.48; 95% CI, 0.40-0.59; P < 0.001), clear cell (OR, 0.52; 95% CI, 0.40-0.67; P < 0.001) and mucinous (OR, 0.68; 95% CI, 0.52-0.89; P ¼ 0.005) cancers. The magnitude of risk reduction was significantly greater for invasive endometrioid (P < 0.0001) and clear cell (P ¼ 0.0018) than for serous cancer. No significant associations were found with borderline serous or mucinous tumours.
Introduction
Worldwide, ovarian cancer is the seventh leading cause of cancer deaths in women and causes over 140 000 deaths each year. 1 Ovarian cancer is a highly heterogeneous disease. Epithelial ovarian cancers may be invasive or borderline (low malignant potential) in behaviour, and may be serous, endometrioid, clear cell or mucinous in histology. 2 Invasive serous cancers may be further subdivided into high-grade and low-grade subtypes 3 and each disease subtype has distinct molecular, pathological and clinical features. 4, 5 The relative infrequency of most ovarian cancer subtypes, except for invasive serous high-grade cancer, has hindered efforts to elucidate their distinct aetiologies and risk factor profiles.
Tubal ligation, also referred to as tubal sterilization, is the most commonly used contraceptive method worldwide. 6 Tubal ligation has been estimated to reduce ovarian cancer risk by about one-third overall, 7 but its subtype-specific effects are unclear. Previous meta-analyses have reported that tubal ligation was associated with significantly reduced risks of invasive serous, endometrioid and clear cell cancers, but not invasive mucinous cancer. 7, 8 However, the published data on subtype-specific risks were limited, especially for the non-serous subtypes, and invasive serous high-grade and low-grade cancers and borderline subtypes were not separately examined. A better understanding of the effects of tubal ligation on ovarian cancer subtypes would help elucidate their distinct aetiologies and the underlying mechanisms by which this procedure prevents ovarian cancer. We undertook an international collaborative study to examine the effects of tubal ligation on the risk of ovarian cancer subtypes using pooled data from 13 population-based case-control studies including 7942 invasive (4777 serous, 1273 endometrioid, 737 clear cell, 574 mucinous) and 2215 borderline (1309 serous, 906 mucinous) ovarian cancer patients, and 13 904 control women. We also examined whether younger age at tubal ligation or longer time since the procedure were associated with greater risk reductions. To our knowledge, this is the largest study of tubal ligation and ovarian cancer risk, enabling robust estimation of subtype-specific effects for the first time.
Methods
Study design and population This study pooled primary data from 13 populationbased case-control studies of ovarian cancer (Table 1) . Twelve sites participate in the international Ovarian Cancer Association Consortium (OCAC), 9 including nine conducted in the United States: CON, 10 [24] [25] [26] and one in Australia, AUS. 27 One additional populationbased case-control study conducted in Canada (SON) was included. 28 Cases were women newly diagnosed with invasive epithelial ovarian cancer (N ¼ 7942) or borderline tumours (N ¼ 2215). Eligible control women had at least one intact ovary and no history of ovarian cancer (N ¼ 13 904). Controls were matched to cases on geographical region and age in all sites, and when warranted on race/ethnicity ( Table 1 ). The present analysis included women aged 18-84 years at diagnosis (cases) or enrolment (controls) with information on tubal ligation status (missing for 74 women; 0.3%) and age at procedure (missing for 38 women who had a tubal ligation; 0.8%). Participants provided informed consent, and study protocols were approved by the respective institutional review board/human ethics committee for each site.
Epidemiological data were collected by in-person or telephone interviews and by self-administered questionnaires. Women were categorized as having had a tubal ligation if they reported having the procedure at least 2 years prior to the reference date, which was the date of diagnosis (cases) or enrolment (controls); 38 (0.8%) women who had the procedure within 2 years of the reference date were excluded. Twelve (0.2%) women who were older than 50 years at the time of tubal ligation were excluded because of possible error in the reported age or non-contraceptive reasons for having undergone the procedure. Sensitivity analyses showed that including women who had a tubal ligation within 2 years of enrolment or were 450 years of age at the time of the procedure made little difference (data not shown). Pathology data were obtained from cancer registries, pathology reports and medical records. Study pathologists reviewed the pathology reports for 47% of cases, and histological slides for 10% of cases. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated using conditional logistic regression matched on sets determined by combinations of site, race/ethnicity and 5-year age categories, and adjusted for age as a continuous variable, oral contraception use and number of full-term pregnancies. There was little evidence of heterogeneity among the estimated effects across sites as assessed using likelihood ratio tests of the interactions with site. We conducted subtype-specific analyses of serous, endometrioid, clear cell and mucinous invasive ovarian cancer, and of serous and mucinous borderline tumours. Numbers of clear cell and endometrioid borderline tumours were too small for analysis. Invasive serous cancers were subdivided into low-grade (well differentiated) and high-grade (moderately or poorly differentiated) tumours because these subtypes may have distinct clinicopathological features and aetiology. 3 Heterogeneity among subtype-specific effects was evaluated using Wald tests of differences among adjusted subtype-specific ORs estimated using polytomous logistic regression. Among women who had a tubal ligation, we tested for linear trends in the effects of age at the time of the procedure and years since the procedure, modelled as continuous variables. All statistical tests were two-sided and performed using Stata 11 (Stata Corporation, College Station, TX, USA).
Statistical analysis
Results
Characteristics of women with invasive epithelial ovarian cancer and borderline ovarian cancer and controls are shown in Table 2 . Tubal ligation was less common among cases (invasive, 16.1% and borderline, 17.8%) than controls (22.8%), but the age at tubal ligation among women who had the procedure was similar in the three groups. The prevalence of tubal ligation among controls at each site ranged from 15.6% to 36.3% in the USA, 9.6% to 10.1% in Europe and was 27.1% and 24.2% in Australia and Canada, respectively (Figure 1) .
Tubal ligation was associated with a 29% reduced risk of invasive ovarian cancer overall (OR, 0.71; 95% CI, 0.66-0.77; P < 0.001), after accounting for study site, age, race/ethnicity, oral contraceptive use and number of full-term births (Figure 1 ). Reduced risks were consistently found for every site, with little evidence of heterogeneity across sites (P ¼ 0.38). In contrast, no significant associations were found between tubal ligation and risk of borderline ovarian tumors, either overall (OR, 0.98; 95% CI, 0.86-1.12; P ¼ 0.80) or separately for serous borderline (OR, 0.98; 95% CI, 0.83-1.16; P ¼ 0.80) or mucinous borderline (OR, 1.01; 95% CI, 0.83-1.23; P ¼ 0.94) subtypes (Table 3) .
Tubal ligation was associated with significantly reduced risks of the four main histological types of invasive ovarian cancer (Table 3) , and the magnitude of the risk reduction differed significantly among these subtypes (Wald P < 0.0001). Compared with women who did not have a tubal ligation, women who underwent the procedure had reduced risks of 19% (OR, 0.81; 95% CI, 0.74-0.89; P < 0.001) for invasive serous cancer, 32% (OR, 0.68; 95% CI, 0.52-0.89; P ¼ 0.005) for invasive mucinous cancer, 48% (OR, 0.52; 95% CI, 0.40-0.67; P < 0.001) for clear cell cancer and 52% (OR, 0.48; 95% CI, 0.40-0.59; P < 0.001) for endometrioid cancer.
Comparison of adjusted odds ratios estimated using polytomous logistic regression showed that tubal ligation was associated with a significantly smaller risk reduction for serous than for clear cell (Wald P ¼ 0.0018) or endometrioid (Wald P < 0.0001) cancer. The risk reduction for mucinous cancer was intermediate in magnitude and did not differ significantly from that of the other histological types. For invasive serous cancers, the magnitude of risk reduction did not differ significantly between high-grade (OR, 0.80; 95% CI, 0.73-0.89; P < 0.001) and lowgrade disease (OR, 0.89; 95% CI, 0.65-1.22; P ¼ 0.46). There was no evidence of significant heterogeneity among study sites (P40.05) in any subtypespecific analysis. Exploratory analyses restricted to women with no history of hysterectomy yielded similar results suggesting that the reduced risk associated with tubal ligation was not explained by hysterectomy status (data not shown). Table 4 shows the distribution of age at tubal ligation, years since the procedure and calendar year of the procedure among controls and women with invasive cancers overall and by subtype. Tubal ligation at any time was generally associated with reduced risks of all invasive subtypes except invasive serous low-grade cancer (Table 5) . Furthermore, the risk reductions persisted for over 30 years following the procedure. Younger age at tubal ligation and longer time since the procedure were not associated with greater protection overall or for any subtype, despite tight control for reference age in all analyses and stratification by duration of oral contraceptive use (data not shown). For serous high-grade cancer, a slight trend towards greater protection with older age at tubal ligation and more recent procedures was found (P-trend ¼ 0.01) which was of borderline significance after applying a Bonferroni correction for the number of disease subtypes examined. Tubal ligation procedures performed during any calendar period were generally associated with reduced risks of invasive ovarian cancer, with little evidence of heterogeneity (P40.05). Relatively few women had a tubal ligation prior to 1975 and the confidence intervals tended to be wider for estimates in these earlier time periods. We explored the association of tubal ligation with stage, grade and age at diagnosis of invasive ovarian cancer (data not shown). No significant associations were found between tubal ligation and the stage at diagnosis for any invasive subtype. Among women with invasive endometrioid cancer, tubal ligation was associated with higher tumour grade (P ¼ 0. 
Discussion
In this pooled analysis of primary data from 13 population-based case-control studies, tubal ligation was associated with significantly reduced risks of invasive endometrioid, clear cell, mucinous and serous high-grade ovarian cancer. Furthermore, the Figure 1 Risk of invasive ovarian cancer associated with tubal ligation, by study site and overall. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated using conditional logistic regression, matched on sets determined by site, race/ethnicity (non-Hispanic White, Hispanic White, Black, Asian, other) and age (5-year categories), and adjusted for age (continuous), oral contraceptive use (none, <2, 2-4, 5-9, 10þ years), and number of full-term pregnancies (0, 1, 2, 3, 4þ). The overall estimate was based upon analysis of the pooled data rather than meta-analysis of site-specific estimates. There was little heterogeneity among study sites (P ¼ 0.38). The number (N) of cases and controls at each site who had a tubal ligation is denoted by n TL magnitude of risk reduction was greater for invasive endometrioid and clear cell than for serous cancer. In contrast, tubal ligation was not associated with risks of borderline serous and mucinous tumours. To our knowledge, this is the largest study of tubal ligation and ovarian cancer risk, enabling robust estimation of effects on uncommon disease subtypes for the first time. These findings provide information about the subtype-specific aetiology of ovarian cancer, and inform current theories regarding the underlying mechanisms by which tubal ligation may prevent disease occurrence. The major strengths of this international collaborative effort were the inclusion of studies with the same population-based incident case-control design, application of standard data harmonization and analysis methods, and large sample size. One limitation was the reliance on subtype classification by individual studies rather than by central pathological review of tumour slides. Histological classification by different pathologists has been shown to be reasonably reproducible for cell type, but less reproducible for grade. 31 Misclassification of histological type would be expected to reduce the ability to detect subtype-specific differences. Misclassification of grade would most likely have resulted in the inclusion of some serous high-grade among the serous low-grade cancers which could have biased the latter results away from the null, but no significant association with serous low-grade cancer was found. Overall, there was no evidence of study heterogeneity of the effects of tubal ligation on any disease subtype, suggesting that the findings are likely to be robust and generalizable. A second limitation was the potential for recall bias. However, a woman's self-reported tubal ligation history has been shown to be highly accurate compared with medical records, 32 and recall bias likely had minimal impact on the study findings. Finally, we cannot exclude the possibility that unmeasured confounders that act differently among disease subtypes could contribute to the observed subtypespecific differences.
Consistent with our findings, previous studies have reported a protective association of tubal ligation with invasive serous cancer, 7, 8, 33 and no association with borderline tumours. 7 However, previous studies of invasive endometrioid, clear cell and mucinous ovarian cancers have yielded inconsistent or inconclusive results largely because of limited numbers of patients and few published data for these rarer subtypes. 7, 8, 33 Whereas a protective association with endometrioid cancer was reported by a meta-analysis of four case-control studies, 7 no association was found in an earlier pooled analysis of 10 case-control studies, most conducted during the 1970s and 1980s, that included a total of 373 cases. 33 Previous studies have reported suggestive inverse associations with invasive clear cell cancer and non-significant inverse associations with invasive mucinous cancer, but were limited by small numbers and study heterogeneity. 7, 8, 33 In contrast, there was no evidence of study heterogeneity in the present study, which included High-grade (HGSC) and low-grade serous cancer (LGSC); cases with invasive serous disease but missing tumour grade (9.0%) were excluded; grade information was not available for SON.
Table 5
Odds ratios substantially larger numbers of patients than previous studies. Several mechanisms have been proposed to explain the protective effects of tubal ligation on ovarian cancer risk. Tubal ligation has been hypothesized to reduce blood flow to the ovary resulting in altered levels of hormones and growth factors, block the retrograde flow of carcinogenic or inflammatory agents from the vagina into the peritoneal cavity, and induce immunity to mucins which are overexpressed in ovarian cancer. [34] [35] [36] [37] [38] Although these mechanisms may each contribute to overall risk reduction, none can explain the subtype-specific differences we found. We hypothesize that differences in the subtype-specific effects of tubal ligation may be explained by their different cells of origin and the extent to which tubal ligation ablates or obstructs these cells from seeding the ovaries. There is growing evidence that most ovarian cancers arise from tissues embryologically derived from the Müllerian ducts. 39 Endometrioid and clear cell ovarian cancers are believed to originate from exfoliated endometrial cells, 40 and are associated with endometriosis 41 and mutations in the ARID1A gene. 42 In contrast, many serous high-grade cancers are believed to originate from the distal fimbriated end of the Fallopian tube. 3 We hypothesize that tubal ligation is significantly more protective for endometrioid and clear cell cancers than for serous high-grade cancer because the location of the ligation near the utero-tubal junction prevents the retrograde transport and ovarian seeding by cells originating from the endometrium but not the distal tubes.
Invasive low-grade serous cancers are thought to arise from borderline tumours and have frequent KRAS and BRAF mutations, unlike serous high-grade cancers which are characterized by TP53 mutations. 3 Thus, the absence of an association of tubal ligation with both invasive low-grade and borderline serous cancer would be biologically consistent, although the number of patients with invasive low-grade disease was small and the confidence interval for the estimated effect was broad. Mucinous and non-mucinous cancers have different risk factor profiles, 26, 43 and the origin of mucinous tumours is uncertain. They have been suggested to arise from paratubal and paraovarian embryological remnants of the Müllerian ducts 39 and transitional-type epithelium located at the tubal-mesothelial junction where the fimbria contact the peritoneum. 40 Due to their location, tubal ligation may not prevent ovarian seeding by these cells of origin and may reduce the risk of invasive mucinous cancer predominantly through other mechanisms.
The present finding that the protective effects of tubal ligation were not enhanced with younger age at tubal ligation or longer duration since the procedure is consistent with most previous studies. 7, 8 This finding suggests that having a tubal ligation at any age may reduce a woman's risk of developing ovarian cancer, and that the maximum protective effects of tubal ligation may be achieved within a few years following the procedure. These data are consistent with a risk model in which tubal ligation confers an absolute decrease in the age-specific incidence rate of ovarian cancer, where the magnitude of the decrease is independent of age, and the age-specific incidence curves are parallel for women with and without the procedure. 44 Such a decrease could plausibly result from abrupt and permanent reduction in the pool of potential precursor cells, 44 as occurs when the tubal ligation procedure ablates or prevents ovarian seeding by pre-cancerous cells from the uterus and Fallopian tube.
In summary, in this large collaborative study, tubal ligation was associated with reduced risks of invasive ovarian cancer that were greatest for the endometrioid and clear cell subtypes, intermediate for mucinous cancer and smallest for serous high-grade cancer. These findings show that tubal ligation has subtype-specific effects, and suggest that the protective effects of tubal ligation are mediated by ablation of or prevention of ovarian seeding by distinct cells of origin for each subtype. The protective effects of tubal ligation did not appear to diminish with older age at the time of the procedure, and persisted for at least three decades. These findings highlight the potential of tubal ligation as a preventive intervention for ovarian cancer. To guide clinical practice, future studies are needed to determine whether tubal ligation procedures, such as bilateral salpingectomy, that ablate a greater portion of the Fallopian tube than standard procedures would result in greater reductions in the risk of ovarian cancer.
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